INTRODUCTION
This report describes seismicity patterns in southern California before and after the January 17, 1994 Northridge (Mw = 6.7) earthquake. The report is preliminary in the sense that it was prepared as soon as the necessary data became available. The observations presented below of seismicity one year before and up to 3 months after the Northridge earthquake were compiled on April 18, 1994. The observations of the second quarter-year of post-seismic activity (April 17 to July 17) were compiled the week of July 18, 1994. The scope of the report is limited to the description of seismicity patterns, and excludes analysis of the regional geology, static and dynamic stresses and deformations associated with the Northridge (or previous) earthquakes, or other factors that may be relevant to a full understanding of the regional tectonics. For a summary of the Northridge earthquake see Scientists of the U.S. Geological Survey and the Southern California Earthquake Center (1994).
Various meanings have been ascribed to the term "pattern". Taken out of context, any "snapshot" or finite sample taken from nature will contain patterns. For example, a photograph of a snowflake, the set of today's winning lottery numbers, and a 3-month sample of earthquake occurrences each contains a particular pattern or structure.
The hexagonal patterns in the snowflake are, of course, produced by the underlying molecular structure, which is why they accurately predict the symmetry in all other snowflakes. On the other hand, the lucky numbers from today's lottery contain no information about the process that created them that is predictive of tommorow's winning numbers (presumably). Earthquake occurrence lies somewhere between these extremes. While crustal stress and strain, fluid pressure, temperature and other physical factors clearly play a role in the production of earthquakes, deterministic theory, such as that available for predicting the snowflake's hexagonal symmetry, is lacking for earthquake occurrence, largely due to geologic heterogeneity in the crust and nonlinear behavior of rocks at high pressures and temperatures. These factors introduce complexity (appearing as randomness) into both field and laboratory observations. So probably some of the patterns in seismicity contain predictive information and some are noise (in the sense that they are not useful for prediction), and the challange is to distinguish between the two.
When considered in this context, the interpretation of seismicity patterns is understood to be an inexact science. For example, while probabilistic estimates of earthquake occurrence based on unusual seismicity patterns have been made (Keilis-Borok et al, 1990; Healy et al., 1992) , the probability gain they provide may be small and their accuracy hard to assess. Temporal patterns are elusive. Regional seismicity sometimes becomes quiescent before an earthquake and sometimes intensifies Wiemer and Wyss, 1994; Sykes and Jaume, 1990) . Spatial patterns, such as the ones shown below, are particularly inticing, especially when simple forms such as "donuts" or migrations appear, but guidelines for the sensible interpretation of these patterns are weak or absent because geologic, geodetic and other regional information needed to support them is often ambiguous or unavailable.
On the other hand, there is little doubt that some seismicity patterns contain information that can be understood and utilized. Perhaps the most obvious example is the aftershock sequence (Utsu, 1971) . Others include foreshock occurrence (Agnew and Jones, 1991) and the self-similar distribution of earthquake sizes, expressed as the Gutenberg-Richter relation (Richter, 1958) . While the physical mechanisms underlying these basic and widely observed patterns are not fully understood, the empirical patterns themselves are repeatable, and thus support statistical models that provide probabilistic forecasts of earthquake activity (Reasenberg and Jones, 1989; Agnew and Jones, 1991; Reasenberg and Jones, 1994) .
Some recent studies have shown clear agreement between static stress changes calculated with elastic dislocation models and the subsequent spatial and temporal distribution of earthquakes Stein et al., 1992 Stein et al., , 1994 Reasenberg and Simpson, 1992; Harris et al., 1995) . These studies showed that the seismicity "signal" produced by sudden static stress changes is detectable in the "noise" of background seismicity, and that these stress changes, which can be estimated with simple models, contain predictive information about future earthquake occurrence. In the case of the Northridge earthquake, Stein et al. (1994) and Harris et al. (1995) showed correlative and apparently causal relationships between the stresses produced by the earthquake and the spatial and temporal distribution of seismicity in southern California after it, when reasonable models for regional faults and stresses were adopted. The success of these studies raises hope that future interpretations of seismicity patterns may be guided by increasingly well founded, predictive models. However, additional knowledge of existing faults, present deformation rates, crustal fluids and stresses are needed to support such models. It is hoped that the regional seismic observations surrounding the Northridge earthquake that are presented below may further stimulate such developments. The suggestions in this report of possible spatial and temporal seismicity patterns are offered in an exploratory and tentative spirit. Whether these observations represent repeatable patterns or are essentially a unique snapshot of "noise" without predictive value for southern California (or any where else) remains to be seen. Continued hypothesis testing using data from additional earthquakes and more realistic models of the crust under southern California will be needed.
DATA AND METHODOLOGY
The study area in this report (defined as the region included in Figure 1 ) is approximately centered on the epicenter of the Nortnridge earthquake, and extends approximately 100 km in all directions from the earthquake (Figure 1 ). Earthquake data (M > 1.0) were taken from the Southern California Seismograph Network catalog (Wald, et al., 1994) . Faults shown in Figure 1 are known active faults taken from Jennings (1992).
In Figures 2-5, 7-10 and 15-16, the color represents a change in average seismicity rate between a background period and a foreground period. The background period used in the calculation of rate changes in these figures is the 5.6-year period from July 1, 1987 to January 17, 1993. This was a fairly stable period in the catalog.
Several foreground periods were used. They are the four quarter-year periods before the Nortnridge earthquake (Figures 2-5 ), the first quarter-year period after the Nortnridge earthquake (Figures 7-10) , and the second quarter-year period after the Nortnridge earthquake (Figures 15-16 ). Spatial smoothing (using either a 5 km or 2 km radius gaussian smoothing kernel) was applied to the images and accounts for the smeared out colors surrounding individual earthquakes and clusters. Our method for representing the change in seismicity rate involves use of the statistic Reasenberg and Matthews, 1988) . The P statistic is defined as the difference between the actual number of earthquakes in the foreground period and the number expected in the foreground period, normalized by the square root of the variance. The expected number is the number that most likely would occur if the background rate persisted during the foreground period. Thus, areas with P > 3 (dark red, orange or yellow) may have experienced statistically significant rate increases over the background rate. The color represents the value of the statistic p, which takes on positive values (red, yellow) for rate increases, negative (blue) values for rate decreases.
The three dark blue areas apparent in all the color figures (see Figure 2) I assume that the only significant change in reporting in the study area between July 1, 1987 and July 17, 1994 is the Northridge-related change just described. There may have been similar recovery periods, during which small events may have been underreported, after the Whittier Narrows, Malibu, Pasadena, Uplands and Landers earthquakes, but these perturbations are not expected to greatly affect the calculation of P because they were transient and short compared to the background period. The postNorthridge artificial deficit of small events in the catalog will tend to pull the colors in With these possible artifacts in mind, I confine my observations to the (red and yellow) areas of apparent seismicity rate increase. In previous work, statistical significance has been associated with values of |3 greater than about 3, in absolute value. A discussion of significance levels associated with |3 is given in Matthews and Reasenberg (1988) and Reasenberg and Matthews (1988) .
SEISMICITY IN THE YEAR BEFORE THE MAINSHOCK
The average seismicity rate in the study area increased during the half-year period before the Northridge earthquake (Figures 2-5 ). This trend can be seen as an increasing amount of dark red area, corresponding to increasing values of P, in the sequence comprised of Figures 2-5. During this period, the rate of seismic moment release in the study area also increased ( Figure 6 ). This increase is comparable in magnitude to the quarterly increases and decreases in moment release during the previous year in the same area ( Figure 6 ). The increase in seismic moment in the study area during the 6 months before the Northridge earthquake was produced entirely by M > 3 earthquakes; release of seismic moment by 1 < M < 3 earthquakes remained essentially constant over this period. The maximum magnitude earthquake increased in each of the four quarters before the Northridge earthquake, but always remained below 4.0, typical for the region.
The quarter-year before the Northridge earthquake included more intense seismicity changes than did the previous 3 quarter-year periods ( Figure 5 ). Areas surrounding the future site of the Northridge earthquake were more active in this period than in the previous 3 quarter-year periods. Activity increased both north of the aftershock zone along the E-W thrust belt north of Ventura basin (roughly in zones J, A and D), and south of the aftershock zone at the northern end of the Palos Verdes fault (zone G). All these areas continued to produce elevated seismicity rates after the Northridge earthquake (Figure 7) . The most intense activity in this quarter (in terms of seismic moment release) was in zone G, near Malibu, where 5 (M > 3) events occurred between 1 and 8 days before the Northridge earthquake.
SEISMICITY IN THE FIRST 3 MONTHS AFTER THE MABMSHOCK
The aftershock activity was confined to an oblate area approximately 30 km across (yellow area in Figure 7 ). Outside the aftershock zone, at distances between 20 and 60 km from its center, several smaller, isolated regions experienced elevated South of the aftershock zone earthquake activity (E) along the Malibu fault, in the Santa Monica Mountains south of Thousand Oaks, began after the Northridge earthquake; the seismicity rate in this area was normal (i.e., not significantly different from the background rate) throughout the year before the earthquake (Figures 2-5 ). Activity (F) along the Santa Monica fault, near its intersection with the Newport-Inglewood fault, began after the Northridge earthquake; seismicity there had been normal throughout the previous year. Activity increased in a broad area (G) near the northern ends of the Palos Verdes and Newport-Inglewood faults after the Northridge earthquake. As noted above, a compact, offshore cluster had occurred in the western part of zone G near the Palos Verdes fault one week before the Northridge earthquake ( Figure   5 ).
The post-Northridge earthquake seismicity changes outside the immediate rupture area ( Figure 7 ) include strong rate increases along the Santa Monica-Malibu fault system south of the mainshock and the Arroyo Parida-Santa Inez-San Cayetano fault system to the north. It is perhaps not surprising that increases were roughly confined in these areas; these broad, roughly E-W trending fault systems have been active at least since 1978 (Goter, 1992) while the region between them, including the Ventura basin, Simi and San Fernando valleys, have been relatively quiet since then.
In order to create the images of seismicity rate change shown by color in Figures 2-5 and 7, spatial smoothing was used. The appearance of the resulting images depends to some extent on the smoothing. For example, the rate changes calculated in Basin. An apparent moveout is seen, with delay time to the onset of post-Northridge activity increasing with distance of the cluster from the center of the aftershock zone ( Figure 14 ). This observation is not supported, however, by the M > 2 data ( Figure   13 ).
SEISMICITY IN THE SECOND 3-MONTH PERIOD AFTER THE MAINSHOCK
The seismicity rate change index, P, for the second quarter-year period after the Northridge earthquake (17 April to 17 July) was calculated relative to the same background period used in the previous section (July 1, 1987 1, to January 17, 1993 , and is shown in Figures 15 and 16 
SUMMARY AND CONCLUSION
During the half-year period before the Northridge earthquake, seismicity increased in the study area. This increase was concentrated in clusters north of the Ventura basin, near the San Gabriel fault, and near the intersection of the Malibu and Palos Verdes faults. The average seismic activity in the study area during this half-year period was relatively high, but was not at unprecedented high levels of activity for this area.
During the first 3-month period after the Northridge earthquake, intense aftershock activity occurred within approximately 20 km distance from the mainshock epicenter. Beyond that distance, earthquake activity increased in clusters near the San Gregorio fault and along the northern edge of the Ventura basin. These clusters form a west-trending belt that roughly coincides with a zone of increased activity during the half-year period before the earthquake. During the first quarter-year period after the The spatial and temporal patterns of elevated seismic activity before and after the Northridge earthquake may be related to processes leading up to the Northridge earthquake. For example, we may ask the following hypothetical questions. Did a regional strain event trigger both the 6-month pre-earthquake pattern of increased seismicity and the Northridge earthquake itself? The similarity in the patterns of pre-and postearthquake seismicity outside the immediate aftershock zone might suggest this. Is the extended pattern of elevated seismicity north of the Ventura basin after the Northridge earthquake indicative of a future large earthquake west of the Northridge earthquake?
Are the areas of elevated seismicity in the half-year before the Northridge earthquake seismic "sensitive spots" that registered a regional strain or weakening in this part of the possibility that the observed patterns in seismicity are simply "noise" unrelated (in a predictive sense) to the Northridge earthquake and to future large earthquakes in the region. In this preliminary report, we stop short of constructing a tectonic interpretation of the seismicity patterns presented here for two reasons. First, while we are free to speculate and hypothesize, we know of no dependable guidelines for the interpretation of the seismicity patterns before large earthquakes, a point that was emphasized in the Introduction. In the area of interpreting seismicity patterns, we are very much still in the learning phase. In addition, the particular arrangement of active faults in the study area, the contemporary displacement rates on them and the regional deformation are just now becoming known or modeled as a result of numerous geologic and geophysical investigations launched or accelerated after the Northridge earthquake. As these these results more fully emerge, perhaps the seismicity patterns will begin to make more sense. At this time, we offer the seismicity observations, sans interpretation, as food for thought.
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